The kinetics of isothermal green microwaveassisted extraction of caffeine from guarana seed powder with water at a temperature range from 40°C to 60°C was investigated. The caffeine concentration in the water extract was determined by UV-Vis spectrophotometry. By applying the isoconversional method, it was established that the kinetics of the caffeine extraction from the guarana seed powder with microwave heating is an elementary kinetic process. The model fitting method was used to determine the kinetic model of the caffeine extraction under microwave heating. It was found that the kinetics of the caffeine extraction can, under microwave heating, be modeled by the Jander's model of three dimensional diffusion. The kinetic parameters, activation energy and pre-exponential factor of the caffeine extraction were determined.
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Introduction
Guarana (Paullinia cupana, Sapindaceae) is a shrubby, woody plant native to the Amazon rain forests [1] . This plant is generally recognized by its characteristic red colored capsulated fruit that contains one to four dark brown seeds [2] . Originally, guarana was only consumed internally by the Amazon population, but later it became accepted worldwide as a medicinal plant with therapeutic properties. Its popularization can also be attributed to numerous scientific reports that confirm the pharmacological benefits of guarana. Guarana has been shown to have antioxidant, antibacterial, antimicrobial, fat burning, cytoprotective, anticancer effects and many more [2] . Guarana seeds are the commercially useful part of the plant due to the fact that they consist of methylxanthines (caffeine, theophylline and theobromine), as well as polyphenols, tannins, catechins, saponins, polysaccharides, etc. [3] . The high caffeine level, which can reach up to 7.5% [4] , makes this plant a useful raw material for the extraction of caffeine, a valuable substance for the pharmaceutical, food and cosmetics industries. Caffeine extraction from various plants is usually carried out using either pure solvents (methylene chloride, chloroform) or water-organic solvent mixtures [5] . Most of the solvents used for caffeine extraction are known as possible human carcinogens, so in order to obtain the so-called "green coffee extract", extraction is performed using water under conventional heating, or using more advanced extraction methods. These methods include ultrasound-assisted extraction [6, 7] , supercritical fluid extraction [8] , solid-phase extraction [9] , dispersive liquid-liquid extraction [10] , pressure processing assisted extraction [11] , extraction using battery type extractor [12] , and column-chromatography extraction [13] .
In recent years, considerable attention has been given to microwave-assisted extraction (MAE). MAE is a process that uses microwave energy and solvents to extract target compounds from various matrices [14] . When used for the extraction of biologically active compounds from plant materials, the microwave energy penetrates the material and then the highly localized temperature and pressure can cause stretching and rupturing in the cell wall, which facilitates selective migration of the target compounds from the material to the extraction solvent [15] . MAE of biologically active compounds has many advantages over the conventional extraction method -it can reduce the time of isolation analyses, requires less volume of solvents and produces higher extraction yields [16] . The results of the effect of microwave irradiation in chemical reactions and physico-chemical processes cannot be explained by the effect of rapid heating alone. This effect is a combination of the thermal effect (overheating, hot spots and selective heating) and specific microwave effects [17] . Thermal effects arise from the different characteristics of microwave dielectric heating and conventional heating, while the issue of specific microwave effects is still a controversial matter [18] .
Many reports have been published on the application of MAE of various bioactive compounds from plants [19] [20] [21] [22] [23] . MAEs of caffeine have also been reported [24] [25] [26] .
The kinetics of conventional extraction of caffeine from various plants have been studied extensively. The kinetic model that is usually used for describing the extraction mechanism is the steady state kinetic model, proposed by Spiro and Jago [27] . Spiro et al. [28] found that the concentration of caffeine, with time, follow firstorder kinetics. Jaganyi and Price [29] also found that the concentration of caffeine followed the first-order kinetics. Their results showed a much lower value of activation energy of caffeine in the water, which was determined to be 9.6 kJ mol − 1 . Another kinetic model that is frequently used for the interpretation of extraction data is mathematically derived from Fick's second law [30] . Linares et al. [31] used a combined second-order-diffusional kinetics model for describing the aqueous extraction of the total water soluble solids from yerba mate leaves. They found that the second-order-diffusional kinetic model fits the experimental data more satisfactorily than the pseudo first-order kinetic model. The calculated activation energy in the first-order kinetic model is 14.26 kJ mol − 1 , while the one calculated through second-order-diffusional kinetic model is 9.7 kJ mol − 1 . The kinetics of the non-isothermal MAE of total phenols and caffeine from black tea powder was studied in the work of Spigno and De Faveri [14] using an ordinary household microwave oven. The effects of microwave power of an ordinary household microwave oven (450-900 W) and irradiation duration (30-210 s) on the degree of extraction of total phenols and on their kinetics of extraction were investigated.
To the best of our knowledge, there is no report on the kinetics of the isothermal microwave extraction of caffeine in general or from guarana seed powder. The aim of this work is to examine the kinetics of the isothermal green microwave extraction of caffeine from guarana seed powder with water. The kinetic complexity, kinetic model and kinetic parameters (activation energy [E a ] and preexponential factor [ln A]) were investigated.
Materials and methods

Materials and reagents
Powdered guarana seeds (moisture content 7.8%) with particle size (dp ≤ 250 μm) were purchased from a grocery store in Brazil.
Hydrochloric acid (36%) (p.a.) and sulfuric acid (98%) (p.a.) were supplied from Zorka Pharma (Šabac, Serbia). Lead acetate anhydrous ( ≥ 33% basic Pb as PbO) (p.a.) was supplied from Carlo Erba (Milano, Italy). Caffeine, laboratory grade, was purchased from Fisher Scientific (Loughborough, Leicestershire, UK).
Determination of total concentration of caffeine in guarana seed
The total concentration of caffeine in guarana seed was determined spectrophotometrically according to method of Wanyika et al. [32] for determination of the total concentration of caffeine in tea and coffee. In short, the method was as follows: 2 g of guarana seed powder was weighted and put into a 250 ml beaker. Some 160 ml of boiling distilled water was added and let stand for 5 min with stirring [at 410 rpm (IKA, RCT basic, Germany)], then the solution was cooled and filtered into a flask.
Microwave extraction of guarana
The microwave extraction was carried out in a commercially singlemode microwave device (Discover, CEM Corporation; Matthews, NC, USA), operating at 2.45 GHz with adjustable microwave power output (from 0 W to 300 W). Distilled water (80 ml) was placed in a borosilicate vessel (round bottom flask, designed for microwave reactor) and guarana seed powder (1.0 g) was added.
The suspension was stirred continuously maintaining a constant temperature at 40°C, 55°C, and 60°C in a microwave reactor. At predetermined time intervals, aliquots were taken from the reaction mixture, quickly cooled down in an ice bath and filtered through Munktell no. 8 filter paper, (Munktell, Grycksbo, Sweden). The temperature of the extraction mixture was monitored using a calibrated thermometer fiber -the optic probe was inserted into the microwave device. The temperature, power and profiles were monitored using commercially available software provided by the manufacturer of the microwave device. The used microwave device was modified to maintain the automatically required temperature in the reaction system with rapid variations in input power and/or with a change in the flow of cooled N 2 through the heat exchanger immersed in the reactor. When the sensor of the instrument detects a decrease in the temperature of the reaction system related to it, the input power of the microwave field is automatically increased and N 2 flow is decreased, i.e. in contrary, when the increases in temperature of the reacting system happen, the input power of the microwave field is automatically decreased and N 2 flow is increased in order to achieve the desired temperature of the reacting system.
As can be seen from Figure 1 , after the first 60 s, the temperature in the reactor was maintained at a constant value of 55 ± 1°C, which indicates that the satisfactory conditions for studying the isothermal extraction of caffeine were achieved.
Determination of caffeine concentration in water extract
Based on available literature data, seeds of guarana have been found to contain methylxanthines, mainly caffeine (3-10%), and theophylline, plus theobromine in smaller quantities (less than 1%), as well as polyphenols (nonhydrolyzable tannins (12%) such as catechin (5.98%) and epicatechin (3.78%), and condensed tannins such as flavan-3-ol and procyanidins) [33] [34] [35] . In works by Yao et al. [36, 37] it was found that tannins hinder absorption of caffeine during the spectrophotometric determination of caffeine in water extract, so in these works, a method for precipitation of insoluble tannins was developed.
Following the proposed method, in order to remove the tannins, water extract (2 ml), HCl solution (0.01 mol l ; 0.2 ml) were mixed and diluted to 25 ml with distilled water. The obtained solution was filtered through Munktell No. 8 filter paper. The filtrate (5 ml) and H 2 SO 4 solution (4.5 mol l − 1 ; 0.02 ml) were combined and diluted to 10 ml with distilled water to eliminate excess lead and then filtered using the same type of filter paper.
Standard stock solution of caffeine in water
Caffeine stock solution (1000 mg l − 1 ) was prepared by weighting 100 mg of pure caffeine, transferring it into a 100 ml volumetric flask and making it to the mark with distilled water.
Calibration standards
Calibration solutions (10 mg l ) were prepared by serial dilution of the standard stock solution in 25 ml flasks and making it to mark with distilled water.
The absorbance (Abs) of the calibration standards and samples were measured using a UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 274 nm.
The concentration of caffeine (C mg l 
where R 2 is the correlation coefficient.
Determination of extraction degree
For each temperature, the degree of extraction (α) was determined by the equation:
where
) is the caffeine concentration in water extract in the time interval t and C max is the highest possible concentration of caffeine in water extract. The total concentration of caffeine in the sample of guarana seed used was determined to be 4.78%, so C max is calculated using following equation:
where V s (L) is volume of water extract. The model fitting method is based on the fitting of obtained data into various known solid state reaction models. According to the model-fitting method, the kinetic reaction model is classified into five groups depending on the reaction mechanism: (1) power law reaction, (2) phase controlled reaction, (3) reaction order, (4) reaction described by the Avrami equation, and (5) diffusion controlled reactions. The selection of the kinetic equation for fitting the experimental data was performed using the model fitting method proposed by Brown et al. [38] . In accordance with this method, the experimentally obtained curves that describe the dependence of the degree of extraction on time (α = f [t]), was transformed into a normalized conversation curve α = f (t n ), where t n is the normalized time, defined by equation: n 0.9
where t 0.9 is obtained by calculating the time at which the degree of extraction (α) is 0.9. The kinetic model is determined by analytically comparing the normalized conversation curve with the experimentally obtained conversation curve. The chosen kinetic model for fitting the experimental data is the one for which the sum of squares was minimal.
Differential isoconversion method:
The Friedman isoconversional method [39] was used to determine the kinetic parameters, activation energy (E a ) and pre-exponential factor (ln A) of the investigated extraction process of caffeine from guarana for various extraction degrees. According to this method, the kinetic analysis of experimental data is based on the following rate equation:
where dα/dt is the reaction rate, T is the temperature, A is the preexponential factor, E a is the activation energy, f(α) is the general mathematical expression of the kinetic model and R is the gas constant. The logarithm form of Eq. (5) leads to:
Accepting that the reaction rate constant is an extent of conversion and only a function of temperature (isoconversional principle of Friedman), Eq. (6) can be written as:
The plot (ln dα/dt) versus reciprocal temperature (T   − 1 ) should be a straight line, the slope of which allows the evaluation of the activation energy for a particular degree of extraction (α).
Results and discussion
The obtained isothermal kinetic curves of the caffeine extraction (dependence of C vs. time), and dependence of extraction degree on time at different temperatures under microwave heating are shown in Figure 2A and B.
The extraction kinetic curves at all of the investigated temperatures have the same shape. It is easy to distinguish three characteristic shapes of changes in the increase of the concentration of extracted caffeine over extraction time: linear, convex and plateau. Initially, the concentration of the caffeine increases rapidly, almost linearly, with time. Further increase of the extraction time leads to a convex-like increase in the concentration of the caffeine which is subsequently followed by the plateau. With increasing temperature of extraction the duration of linear changes and time required to reach the plateau are decreased. Extraction degree of 80% has been reached at 60°C ( Figure 2B ). The Friedman's isoconversional method was applied to determine the dependability of the activation energy on the degree of extraction. Figure 3 presents the dependences of ln (dα/dt) on T − 1 for different degrees of caffeine extraction.
As can be seen from the results presented in Figure 3 , the dependences of the ln (dα/dt) versus T − 1 for all degrees of caffeine extraction are linear. From the slopes and intercepts of these straight lines, the values of the kinetic parameters (E a and ln A) for different degrees of caffeine extraction were calculated. The dependence of E a, versus α is shown on Figure 4 .
From the results presented in Figure 4 , it can be seen that the value of activation energy (E a = 13 kJ mol − 1 ) is practically independent of the degree of caffeine extraction. Keeping in mind that the E a is independent of the degree of caffeine extraction, we can claim with a high degree of certainty that the investigated extraction of caffeine presents a rate limiting step.
For the interpretation of experimental extraction data, there are several kinetic models that can be used: (a) pseudo first-order model proposed by Spiro and Jago [27]; (b) solution of Fick's second law of diffusion [40] ; (c) the Peleg equation [41] ; and d) second-order kinetic model [42] .
Bearing in mind the nature of the investigated extraction system, the possibility of using the Spiro's pseudo first-order kinetic model for modeling the extraction of caffeine from a guarana seed was investigated. This model is expressed by the equation:
where C ∞ is equilibrium concentration of caffeine (g l − 1
) at the highest temperature, and C is the concentration of caffeine at time t (min), k s is observed first-order rate constant (min − 1 ), and α is an integration constant. In the case when kinetics of the extraction of the caffeine follow firstorder behavior, plotting ln [C ∞ /(C ∞ -C)] versus time will give straight lines, the slope of which corresponds to the constant of the caffeine extraction rate. Figure 5 shows the isothermal dependence of ln (
According to the results presented in Figure 5 , it is easy to conclude that the plots of ln (C ∞ /[C ∞ -C]) on time do not give straights lines in the entire range of α, for all of the investigated temperatures. That directly proves that the kinetics of caffeine extraction in this temperature range cannot be modeled by the proposed Spiro's pseudo first-order kinetic model.
Bearing in mind the previously obtained results, to determine the real kinetic model of isothermal caffeine extraction, the model fitting method was applied. The experimental normalized conversion curves of caffeine extraction under microwave heating at the investigated temperatures are shown on Figure 6 . These curves have the same shape, so it was assumed that all of them can be described by the same kinetic model. By using the model fitting method, with great degree of certainty ( ≥ 0.999), it was established that the kinetics of isothermal caffeine extraction under microwave heating can be described by the Jander theoretical kinetic model of three dimensional diffusion [43] which is given by the following equation:
where, k M is the model rate constant of caffeine extraction from the guarana seed. If the kinetics of the microwave extraction of caffeine from the guarana seed can be described by the three dimensional diffusion kinetic model, then the depend-
2 on time should give straight lines. The isothermal dependences of [1- (1 - α)
2 versus time of caffeine extraction are shown on Figure 7 .
As can be seen from Figure 6 , the dependences of
2 on the extraction time are linear during the entire duration of the caffeine extraction process and at all investigated temperatures, which confirms that the correct kinetic model was selected for describing caffeine extraction from the guarana seed.
The determined kinetics model of the extraction of caffeine indicated that the rate-limiting step of the extraction process is the diffusion of the water molecule through the extraction of the residue layer on the particle surface. This allows the calculation of the model rate constant (k M ), and the kinetic parameters, namely, activation energy (E a ) and pre-exponential factor (ln A) for the investigated extraction process. Since the model rate constant increases with temperature, the kinetic parameters for this kinetic model were determined by applying the Arrhenius equation. The effects of temperature of the microwave extraction on the k M values and kinetic parameters (E a and ln A) are given in Table 1 . The calculated value of E a for the studied temperature range is slightly high in comparison to the values of the activation energy reported by Spigno and De Faveri [14] for the total phenol extraction from black tea, which is found to be 14.63 kJ mol − 1 in the temperature range 55-90°C. Similar results of E a were reported Linares et al. [31] for extracting total water soluble solids from yerba mate leaves in the temperature range 40-70°C, which was found to be 14.26 kJ mol − 1 . Furthermore, the value of the calculated E a in this work is slightly lower than the value of diffusion of caffeine in water found by Spiro et al. [28] , which was 17.3 kJ mol − 1 . The E a value calculated in this work is also slightly lower than the measured value of activation energy for diffusion of water molecule (E a = 18.8 kJ mol − 1 ) [44] , which indicates that the structure of the extraction residue layer on the guarana powder particle is very open and allows easy transport of water to caffeine molecules and also easy transport of the water extract of caffeine from the guarana particle.
Based on the established mathematical model of kinetic extraction, it is possible to assume the following model mechanism of the extraction of caffeine from solid particles of guarana using the selective solvent: (a) The solid component (powder) consists of "n" equal spherical particles of the initial radius (R). (b) Water very quickly forms the product layer (water extract) on the particle interface due to its small external diffusion resistance. (c) It is well known that the formation of product layers on the surfaces of particles may limit the rate of reaction by hindering the diffusion of soluble reactants or products through this layer. However, the water does not form a tight layer of the extraction's product on the particle's surface, so the water extract diffuses very easily into solute. (d) The extraction of the caffeine from the guarana powder particle is kinetically limited with volume diffusion of the water molecule through the extraction residue layer on the particle with the thickness value (x). (e) The solvent diffusion coefficient of water does not change with time. (f) The rate of layer thickness is proportional to the diffusion coefficient (D) of water and inversely proportional to the thickness of the layer:
where k is a constant dependent on the nature of the solid and liquid phases and conditions. By integrating Eq. (10) with boundaries for x from x = 0 to x = x and for time from t = 0 to t = t, we come to the Jander expression for the parabolic growth of residue layer:
In that case, the degree of extraction (α) is given by the equation:
where n is the number of reacting particles, ρ is density of the guarana seed particle, and x is the thickness of the extraction residue layer. Eq. (12) can be easily transformed into:
The rearrangement of Eq. (13) leads to the definition of x:
Bearing in mind that x 2 = 2kDt, substituting Eq. (11) into Eq. (14) gives:
or:
where k M = 2kD/R 2 . The mathematical identity of Eq. (16) with the integral form of the kinetic model indicates to: (a) the possible mechanism of extraction of caffeine from the guarana seed powder with water; (b) the assumption that the rate limiting step of the extraction process is three-dimensional diffusion of water molecules through the extraction of the residue layer on the particle surface; (c) the physical meaning of the model rate constant k M , respectively the linear dependence of k M on the diffusion coefficient D and inversely dependence on the R 2 ; (d) the possibility of enabling a much faster extraction process which we can accurately predict the duration of.
Conclusion
The isothermal MAE of caffeine from a guarana seed powder with water is an elementary kinetic process that takes place in a single elementary step. The kinetics of the isothermal MAE in the temperature range 40-60°C can be mathematically described by the equation:
The rate limiting step of the extraction process at investigated temperatures is a three-dimensional diffusion of a water molecule through the extraction residue layer on the particle's surface. The determined activation energy is in correspondence with the energy of the diffusion of water through the pore space of porous media.
physico-chemical characterization of novel materials, the effects of microwave and ultrasonic fields and cavitation on the kinetics of various physico-chemical and chemical processes, kinetics of phase-transitions, mechanism and kinetics of hydrogel swelling. He is actively working on the development of novel technological processes. He has authored or co-authored more than 100 scientific papers and more than 10 patents. His technical solutions served as a ground for 12 industrial plant designs.
Jelena Jovanovic
Jelena Jovanovic is a principal researcher at the Faculty of Physical Chemistry, University of Belgrade. She obtained her PhD in Polymers Science at the Faculty of Chemistry, University of Belgrade. Her primary research areas include macromolecules, smart materials and hydrogels, introducing advanced methods of synthesis, mainly using microwave irradiation. Her current research is focused on understanding the effects of microwaves on reaction kinetics of various chemical and physico-chemical processes. Since 2008, she has actively served as an expert of the European Commission.
